Abstract: A novel configuration of mutually injection-locked directly modulated lasers (DMLs) for generating in-phase quadrature (IQ) optical signals is proposed and numerically investigated by using rate equations. Two DMLs coupled with a high-Q ring resonator (Q = 2.2 × 10 5 ) are used for obtaining stable mutual-injection locking and suppression of the optical carrier component. First, conditions for mutual injection locking and modulation responses are investigated. Lasing frequencies are pulled toward the resonant frequency of the ring resonator due to the filtered mutual optical injections, and the pulling range is much broader than the transmission bandwidth of the ring resonator. Modulation bandwidth of the DMLs under the mutual-injection-locking condition is enhanced compared to that of the DMLs under the free-running condition. A resonant feature depending on the detuning condition appears in the modulation response, and it can be reproduced by the conventional injection-locking model. Next, optical-signal generations with quadrature phase shift keying (QPSK) format are tested under the assumption that the mutually injection-locked DMLs are driven by pseudo-random bit sequences. It is confirmed that 80-GBd QPSK modulation with back-to-back error vector magnitude of 32% can be achieved by using 8B/10B encoding.
Introduction
Recent rapid growth of data-center traffic has been attracting attention to short-reach digital coherent optical-communication systems [1] , [2] , which face challenges in terms of cost, power consumption, and size of optical devices. Compared to the M-ary pulse amplitude modulation (PAM) widely used for a directly modulated laser (DML) or an electro-absorption (EA) modulator integrated with a distributed feedback laser, in-phase quadrature (IQ) modulation takes advantage of coherent detection, which can more easily satisfy the required optical signal-to-noise ratio. Additionally, digital signal processing of received IQ signals can compensate chromatic dispersion in optical-fiber transmissions and thereby increase an achievable capacity-distance product. External IQ modulator consisting of dual-parallel Mach-Zehnder modulators is generally used for generating optical IQ signals with high signal quality and high baud rate [3] - [5] . A mature IQ modulator in combination with a narrow linewidth laser source enables optical transmission with ultrahigh spectral efficiency [6] . However, such external IQ modulators usually increase cost, size, and power consumption and reduce output power due to the fairly large insertion loss of their optical transmitters. To circumvent the drawbacks of external IQ modulators, simple and cost-effective methods for generating optical IQ signals with a DML have been widely investigated [7] - [11] . Particularly, optical-signal generations with quadrature phase shift keying (QPSK) or 8-ary phase-shift keying (PSK) were demonstrated by using 4-or 8-ary PAM signals for injection-current modulation of a DML [10] , [11] . However, injection-current modulation of a DML inherently induces both amplitude and phase modulations. It thus requires a complicated calibration procedure that depends on the device parameters of the DML. Moreover, it is difficult to increase spectral efficiency by applying M-ary quadrature amplitude modulation (QAM) to the DML. Although a combination of a DML and an EA modulator for individually controlling the amplitude and phase of optical outputs has been reported [12] , a complicated digital-signal processing is required for optimizing the modulation-signal waveforms for the DML and EA modulator.
As a novel approach, DML-based optical-IQ-signal generation with optical injection locking was demonstrated by Liu et al. [13] . In particular, two slave DMLs were injection locked to a master laser, and the modulated optical output of each DML was orthogonally combined to generate optical outputs with QAM format. The optical injection locking of the DMLs played an important role in obtaining phase locking between the DMLs, reduction of chirp, and enhancement of modulation bandwidth. Under low drive voltage of 0.8 V pp , modulations with 28-GBd QPSK and 10-GBd 16-ary QAM formats were demonstrated. In a similar way, an array of injection-locked vertical-cavity surface-emitting lasers was used to demonstrate chirp-free optical phase modulation and QPSK modulation [14] , [15] . These demonstrations verify a cost-effective and low-power-consumption optical IQ transmitter based on injection-locked DMLs. The use of DMLs has another advantage in developing an IQ transmitter operating in unexplored wavelength range in which external IQ modulators have not hitherto operated. However, the conventional master-slave configuration for optical injection locking requires three lasers at least and an optical isolator, so it is complicated. To make the device structure more compact and simpler, there is room for simplifying the configuration.
Hereafter, using mutually injection-locked DMLs with a ring resonator for directly generating optical IQ signals without using an external master laser is proposed, and their novel characteristics are numerically investigated by using a rate-equation model. The ring resonator acts as an optical coupler between the DMLs with the function of suppressing high-frequency crosstalk and extracting optical carrier components. Mutual-injection-locking conditions, modulation responses, and QPSK constellation diagrams are discussed under the assumption of 1.55-μm DMLs coupled with a high-Q ring resonator (Q = 2.2 × 10 5 ).
Device Concept and Calculation Model

Conceptional Device Structure
A conceptional device structure for direct optical-IQ-signal generation is shown in Fig. 1 . In this structure, two DMLs are individually integrated on a low-loss optical waveguide and mutually coupled with a high-Q ring resonator functioning as a narrow-band optical filter. Injection currents of the DMLs are modulated with modulation signals. When free-running lasing frequencies of the DMLs are near the resonant frequency of the ring resonator, their optical carrier components are efficiently coupled to the opposite DMLs, while modulated optical components pass through the ring resonator. This situation potentially leads to stable mutual injection locking (MIL) between the DMLs even under injection-current modulation. The two modulated optical components with on-off keying format are converted to PSK format due to carrier suppression by the ring resonator [16] . They are then combined after passing through a phase shifter to apply a certain amount of relative phase shift to the two PSK format signals and obtain a quadrature phase relation. The final optical output becomes a carrier-suppressed QPSK format. As is the case with conventional injection-locked DMLs, it is also possible to construct M-ary QAM format with M-ary PAM signals [13] . In regard to device materials, silicon nitride may be suitable for low-loss optical waveguides and a ring resonator operating at 1.55 μm [17] - [20] , and hybrid-integration technologies for III-V semiconductor lasers on a silicon platform will be applied for practical fabrications of devices [21] - [28] .
Calculation Model
Conventional optical-injection-locking characteristics of semiconductor lasers have been widely investigated by using rate equations with an external optical-injection term [29] - [33] . On the other hand, MIL characteristics have been investigated by using mutually coupled rate equations [34] - [37] . In this study, for calculating dynamics of DMLs coupled with a ring resonator, the following equations are used:
where N 1 (N 2 ) and E 1 (E 2 ) are the carrier density and complex electric field of DML 1 (DML 2 ). Each parameter is defined in Table 1 . Equations (1) and (2) are similar to those used in the conventional injection-locked laser model. However, the time-dependent coupled fields (C 1 and C 2 ) represented by Eq. (3) are used to take into account the spectrally filtered injection component formed by a ring resonator. Here, P, p, σ, a, and τ are maximum number of round trips, number of round trips, power-coupling ratio, round-trip loss, and round-trip delay of the ring resonator, respectively. The delay generated in the waveguide between the ring resonator and DML is neglected because the waveguide length can be much shorter than the ring length, but a relative phase shift ( φ 0 ) is taken into account instead. Proper filtering characteristics can be obtained by choosing a sufficiently large P. Similarly, the time-dependent transmitted fields (T 1 and T 2 ) represented by Eq. (4) are used for calculating components passing through the ring resonator. The final output (E out ) is calculated from the following equation:
Definitions of E 1(2) , C 1(2) , T 1(2) , σ, τ, and E out are visually summarized in Fig. 2 (a). To confirm our calculation model, optical-filtering characteristics of a ring resonator were calculated by using a conventional static formula [38] . They were then compared with those calculated by using Eqs. (3) and (4) under the assumption of a free spectral range (FSR) of 100 GHz, σ of 0.025, and a of 0.998. The value of a corresponds to round-trip loss of the ring resonator with round-trip length of 1.7 mm (diameter of 0.54 mm) and propagation loss of 0.1 dB/cm, which is achievable with a silicon nitride waveguide [17] - [20] . P of 274 was chosen so as to satisfy the condition P·τ > 15·Q/ω, where Q is the quality factor of the ring resonator, and ω is the angular frequency of light. Input electric fields E 1(2) = exp(jωt) were used for Eqs. (3) and (4). Calculated power spectra of C 1 (2) and T 1 (2) are shown in Fig. 2(b) . The narrow-band filter characteristic of the ring resonator with a transmission full-width at half-maximum (FWHM) of ∼870 MHz is confirmed for C 1(2) and T 1 (2) . As shown in the inset (enlarged view near the resonant frequency), transmittances calculated with the conventional static formula (indicated by solid curves) agree well with those calculated with Eqs. (3) and (4) indicated by circles and squares, respectively. These results justify the use of Eqs. (3) and (4) for accounting for the effects of a ring resonator. It is worth noting that σ should be optimized for the mutually injection-locked DMLs in terms of both Q and coupling efficiency between the DMLs.
Parameters used in the rate-equation analysis are listed in Table 1 . A ring resonator with the same characteristics as shown in Fig. 2(b) was considered. As for DMLs, parameters of a straincompensated InGaAlAs/InGaAsP multiple-quantum-well laser (designed for 1.55-μm operations) were used [39] , [40] . The two DMLs were considered to have the same parameters. However, to avoid a complete symmetric situation between DML 1 and DML 2 (which occurs only in simulations), the initial value of |E 2 | was set 0.1% larger than |E 1 |. 1-dB optical loss per coupling between the DML and the waveguide was taken into account by using κ.
Results
Mutual Injection-Locking Condition and Transient Response
Mutual injection-locking condition and transient responses were analyzed by using the rate equations under a static current of 3·I th for DML 1 and DML 2 . Time evolution of each lasing frequency under five typical detuning conditions is shown in Fig. 3(a) . Here, f 1 and f 2 indicate detuning frequencies of free-running DML 1 and DML 2 relative to the resonant frequency of the ring resonator as shown in Fig. 3(b) . In all cases, mutual optical injection begins at 0 ps. Under condition (i) ( f 1 = -10 GHz and f 2 = 10 GHz), the responses indicate that the lasing frequency of each DML approaches the resonant frequency of the ring resonator after transient fluctuations. The frequency fluctuation of DML 1 is relatively large compared with that in DML 2 . These fluctuations decay faster under conditions (ii) ( f 1 = -10 GHz and f 2 = 0 GHz) and (iv) ( f 1 = 10 GHz and f 2 = 0 GHz). This faster decay is attributed to a quasi-one-way strong optical injection from DML 2 to DML 1 that occurs in the initial stage of the optical injection, because DML 2 is resonant with the ring resonator, while DML 1 is significantly detuned (| f 1 | > 870 MHz). Under condition (iii) ( f 1 = f 2 = 0 GHz), the DMLs take shorter to attain steady state than under conditions (ii) and (iv) since the strong mutual injections rapidly lock the lasing frequency of each DML. Reduced frequency fluctuations under condition (v) ( f 1 = f 2 = 10 GHz) are confirmed, while sustained fluctuations occur under condition (vi) ( f 1 = f 2 = -10 GHz). These detuning-dependent frequency fluctuations and their convergence have an analogy with positive or negative optical feedback effects in a semiconductor laser coupled with a frequency discriminator [41] . Since the frequency fluctuation is converted into amplitude fluctuation by the ring resonator, the lasing frequencies of the DMLs are mutually modulated through the stimulated emission and carrier plasma effect in the laser cavity. φ 0 of 1.42π rad and a phase inversion at around the resonant frequency of the ring resonator characterized these detuning-dependent transient responses.
Stable and unstable conditions of MIL are shown in Fig. 3(c) , where the unstable condition is indicated by white regions. The color bar indicates the lasing-frequency deviation of DML 1 under the MIL condition ( f M I L ) relative to the resonant frequency of the ring resonator. Note that stable MIL is attained when the difference between the lasing frequencies of DML 1 and DML 2 drops below 1 kHz within the transient time of 25 ns. As shown in Fig. 3(c) , f M I L is much lower than the transmission FWHM of the ring resonator (870 MHz); in other words, each lasing frequency of the DMLs is pulled near the resonant frequency of the ring resonator even when the initial detuning frequencies are relatively large. The typical conditions denoted by (i)-(vi) in Fig. 3(a) are also shown for reference. Although MIL was observed across a wide detuning range, the ideal condition is f 1 = f 2 = 0, because the modulation response of a DML under MIL depends on detuning frequency as described in the next subsection. As shown in Fig. 3(d) , the lowest | f M I L | of 303 kHz was obtained with φ 0 of 1.42π rad under condition (iii). This φ 0 value was used entire calculations because it is suitable to mitigate waveform degradation of T 1 and T 2 due to the spectral filtering by the ring resonator.
Modulation Response under Mutual Injection Locking
Small-signal modulation characteristics of the mutually injection-locked DMLs were investigated. Under detuning conditions (i) to (v), injection current of DML 1 was modulated with a static current of 3·I th , while that of DML 2 was kept constant (3·I th ), and the modulation response of |E 1 | 2 was evaluated. Modulation responses under the free-running or five MIL conditions are shown in Fig. 4(a) . Under the free-running condition, resonant peak frequency of 19 GHz and 3-dB bandwidth of 29 GHz are confirmed. In contrast, under the MIL conditions, increase in frequencies of the resonant peak (>55 GHz) and 3-dB bandwidths of >66 GHz are confirmed. These results indicate that resonant-peak strength depends on the detuning conditions of the DMLs. Under conditions (i) and (ii), the resonant peak becomes highest. Strength and frequency of the resonant peak slightly decrease under condition (iii). This tendency is enhanced under conditions (iv) and (v). These results imply that the modulation response of DML 1 under the MIL condition is basically determined by the initial detuning frequency of DML 1 without depending on that of DML 2 . For further insight, corresponding modulation responses under conventional injection-locking conditions, where C 1 was set to be zero to consider one-way injection locking from DML 2 to DML 1 , were also calculated. Values of f 1 of -10, 0, and 10 GHz were tested while f 2 was kept to 0 GHz. As shown in Fig. 4(b) , the dependence of modulation response on f 1 under the one-way-injection-locking condition agrees well with that under the MIL conditions. It should be noted that detuning of the master laser (DML 2 ) from the slave laser (DML 1 ) has a value of f 2 -f 1 . The figure therefore indicates that strength and frequency of the resonant peak decreases with decreasing detuning frequency of the master laser from positive to negative, and that finding is consistent with previous reports [31] - [33] . Small peaks at 100 GHz appeared only in Fig. 4(a) indicate that crosstalk at a frequency corresponding to FSR of the ring resonator is weak.
Generation of Optical IQ Signal
Characteristics of optical-IQ-signal generation using the mutually injection-locked DMLs was investigated next. A 20-GBd pseudo-random bit sequence (PRBS) with a pattern length of 2 11 -1 was used for modulating injection currents of the two DMLs under the basic MIL condition ( f 1 = f 2 = 0). To reduce pattern correlation, a relative delay was inserted between the PRBS signals for DML 1 and DML 2 . Additionally, data patterns with 8B/10B encoding [42] were also investigated to check dependence of generated signal quality on word length (contribution of low frequencies) of the signal. The 8B/10B encoding maintains a DC balance and reduces data patterns less than five, which suppresses low frequency components. Static bias current and peak-to-peak current-modulation amplitude were 3·I th and 1·I th , respectively.
Power spectra calculated from time evolutions of E 1 , C 1 , and T 1 with the PRBS 2 11 -1 data pattern are shown in Fig. 5(a) . Here, the horizontal axis indicates the frequency relative to the optical carrier. The spectrum of E 1 has a strong optical carrier, and it remains in the spectrum transmitted to the opposite DML (C 1 ). The low-frequency components of C 1 at around 0 GHz imply a leakage data signal exists at low frequency and causes crosstalk between DML 1 and DML 2 because the transmission FWHM of the ring resonator is 870 MHz. The spectral component passing through the ring resonator (T 1 ) indicates suppression of optical carrier and modulated low-frequency components due to the inversed filtering characteristic compared to C 1 . However, degradation of the output waveform occurs since the 20-GBd PRBS 2 11 -1 pattern includes the lowest spectral component of ∼9.8 MHz. As shown in Fig. 5(b) , the waveform of Re{T 1(2) } indicates distortions when Re{E 1(2) } has a series of patterns. The distortions are critical for longer bits due to the extraction of the low-frequency components by the ring resonator. The deviation of Re{C 1(2) } also confirms the pattern effect. Constellation diagram of E out under direct modulation of DMLs with PRBS 2 11 -1 signal calculated from Eq. (5) is shown in Fig. 5(c) . The broadened trajectory of E out (gray curves) indicates that pattern-dependent transient chirps are included in the waveforms. The residual carrier component in the output IQ signal due to the finite optical loss in the ring resonator slightly shifted the center of the constellations; however, the QPSK format was successfully confirmed at sampled symbols (blue circles). The results corresponding to 8B/10B-encoded modulation are shown in Figs. 5(d)-(f) . The spectrum of E 1 in Fig. 5(d) indicates that the low-frequency components are suppressed by the 8B/10B encoding and that the low-frequency crosstalk originating from the finite transmission width of the ring resonator is mitigated. The lowest-frequency component included in the modulation signal is ∼2 GHz at 20 GBd with the 8B/10B encoding. As shown in Fig. 5(e) , the pattern-dependent waveform distortions of Re{T 1(2) } and Re{C 1(2) } are also mitigated. As a result, as shown in Fig. 5(f) , the constellation of E out shows regulated trajectory and QPSK symbols. The mutually injection-locked DMLs are basically operated with the optical-injection ratio of less than 0 dB. Therefore, suppressing chirp by increasing optical injection ratio [30] is insufficient, making a drawback of the MIL configuration.
As shown in Fig. 6 , back-to-back error-vector magnitude (EVM) was calculated for the QPSK constellations under different baud rates. Here, under the assumption of balanced detection, the residual carrier component was removed. EVM become a minimum value of 18.2% at 40 GBd with the PRBS 2 11 -1 data pattern. Although low-baud-rate operation is suitable in terms of bandwidth of the DML, the extraction of the low-frequency components by the ring resonator increases EVM at 10 and 20 GBd. Increasing the baud rate from 40 to 80 GBd also increases EVM. Although the wide 3-dB bandwidth of 68 GHz for DML is obtained under MIL condition (iii), transient chirps at the high baud rate degrade EVM. On the other hand, EVM becomes a minimum value of 11.9% at 20 GBd with the 8B/10B data pattern, and the difference in EVM for the PRBS 2 11 -1 and 8B/10B data patterns decreases with increasing baud rate. As shown in Fig. 6 , the constellation is homogeneously broadened in the case of the PRBS 2 11 -1 data pattern. In contrast, it is discretely distributed by the 8B/10B data pattern because of the limited pattern length. Eventually, it will be necessary to reduce the data-pattern length by using encoding or scrambling techniques because EVM is severely degraded when a communication system treats real random signals with a long pattern length. EVM can be translated into bit error rate (BER) by assuming the signal is impaired by additive white Gaussian noise [43] , [44] . Although the QPSK constellations obtained by using the 8B/10B data patterns are not dominated by additive white Gaussian noise, the quality of the EVM values was roughly evaluated in terms of a BER threshold of forward error correction (FEC) for reference. Under the assumption of use of hard-decision FEC with 7% overhead [45] , EVM of 32.0% at 80 GBd obtained by using the 8B/10B data pattern is below the FEC threshold of 38.3% (BER of 4.5 × 10 −3 ). The achievable EVM degraded by transient chirps of DMLs is inferior to that generated with conventional external IQ modulators; however, the mutually injection-locked DMLs are expected to be a cost-effective device for short-reach coherent optical communications.
Conclusion
Mutually injection-locked DMLs coupled with a ring resonator for directly generating optical IQ signals were proposed and numerically investigated by using rate equations. It was revealed that a ring resonator with a Q-factor of 2.2 × 10 5 enabled MIL between two 1.55-μm DMLs at the resonant frequency of the ring resonator. The MIL enhanced modulation bandwidth of the DMLs, and the response characteristics were found to be determined by the initial detuning condition relative to the resonant frequency of the ring resonator. On-off keying of the mutually injection-locked DMLs with PRBS data patterns were successfully converted to QPSK constellations. Modulated lowfrequency spectral components might be suppressed for long word patterns and output waveforms were distorted due to the finite transmission bandwidth of the ring resonator being limited by opticalwaveguide loss. However, the 8B/10B-encoded data patterns made it possible to generate QPSK format signals with back-to-back EVMs of 11.9% at 20 GBd and 32.0% at 80 GBd. The mutually injection-locked DMLs are expected to provide a low-power-consumption and low-cost optical IQ transmitter not limited to the C-band range. Although a ring resonator based on a silicon nitride waveguide was considered in this study, other kinds of high-Q resonators (such as whisperinggallery-mode resonators [46] - [48] ) may also be applicable.
